Abstract--Tetramethylphosphonium-smectite (TMP-clay) and tetramethylammonium-smectite (TMAclay), were prepared and characterized as adsorbents for a series of aromatic and chlorinated hydrocarbons. The sorption of benzene, alkylbenzenes, and carbon tetrachloride as vapors and as solutes from water was studied to evaluate the effect of water on adsorption efficiency. Adsorption of organic vapors depended on the N2 BET surface area. TMA-clay was a slightly better adsorbent than TMP-clay, due to its somewhat higher surface area. The Langumir isotherms obtained indicated that adsorption occurred predominantly in the interlayer micropores, apparently on mineral surfaces between onium ions. Adsorption efficiency of both organo-clays decreased, compared to vapor sorptions, in presence of water. Lower sorption was apparently due to shrinkage of the interlayer pore or cavity sizes by hydration of interlayer TMA and TMP cations. Although sorption efficiencies of both organo-clays was reduced in presence of bulk water, the extent of reduction was much less for TMP-clay. Thus, TMP-clay was a better adsorbent than TMAclay in presence of water, despite its lower surface area, in direct contrast to vapor sorption. The Langumir isotherms indicated interlayer sorption of benzene, alkylbenzenes and carbon tetrachloride from water by TMP-clay. The absence of Langumir isotherms for toluene, ethylbenzene and p-xylene uptake from water by TMA-clay indicated that these bulkier solutes were not adsorbed in the interlayers. These results indicate that hydration of TMA cations causes shrinkage of the interlayer pores to dimensions that exclude these solutes. The lower degree of hydration of TMP cations enables TMP-clay to maintain interlayer pores large enough to accommodate the bulkier alkylbenzenes.
INTRODUCTION
The sorptive properties of the smectite clays for organic molecules are greatly modified by replacing native interlayer cations (e.g., Na § Ca 2 § ) with quaternary ammonium cations (QACs) of the form [(CH3)3NR] § . These modified clays are commonly referred to as organo-clays. Organo-clays formed using small QACs, e.g., where R is methyl or phenyl group, exhibit pore structures which result in appreciable surface areas of ~200 mVg. Recently, organo-clays, such as tetramethylammonium (TMA)-and trimethylphenylammonium (TMPA)-smectites, (Mortland et a11986, Lee et a11989, 1990 , Jaynes and Boyd 1990 have been characterized for their ability to remove various non-ionic organic compounds (NOCs), such as benzene, alkylbenzenes, and chlorinated phenols from water. Adsorption efficiencies were dependent on a number of factors. The size of the organic cation and the clay layer charge affected the surface area and pore structure of the organo-clays, and hence their adsorption efficiencies (Boyd et a11991, Lee et al 1990 , Jaynes and Boyd 1990 . Adsorption efficiencies also depended on the presence of absence of water. For instance, the adsorption of benzene, toluene and xylene vapors by the TMA-smectite was greater than their adsorption as solutes from water (Lee et al 1989 (Lee et al , 1990 . Additionally, the adsorption of orCop)right 9 1995, The Clay Minerals Society ganic vapors by TMA-smectite was not strongly dependent on the size and shape of the adsorbate, whereas the extent of adsorption from water was significantly reduced as the size and shape of the adsorbate grew larger and bulkier. The lower adsorption efficiency of TMA-smectite in presence of bulk water was described as a water-induced seiving effect and attributed to shrinkage of the interlayer pore sizes by hydration of the TMA cations and/or aluminosilicate surfaces of the clay layers. Jaynes and Boyd (1991) subsequently studied the adsorption of aromatic hydrocarbons from water by TMPA-smectites and concluded that sorption occured primarily on the aluminosilicate surfaces. Furthermore, unlike TMA-smectite, adsorption efficiencies of TMPA-smectite from bulk water were not strongly affected by adsorbate size and shape.
In this study, we have characterized the sorption of aromatic and chlorinated hydrocarbons as vapors and aqueous solutes by tetramethylphosphonium (TMP)-smectite, which represents a new class oforgano-clays. We also present a detailed comparative study of TMAsmectite and TMP-smectite to understand the effect of cation hydration on the adsorption efficiency of organo-clays. Tetramethylphosphonium was chosen because the TMP cation is a group VA analogue of TMA cation and is expected a priori to be less strongly hydrated than TMA cation which has an appreciable hydration energy of 32 kcal/mole (Cotton and Wilkinson 1966) . This is suggested by the fact that the hydration energy ofNH4 + is ~20 kcal/mole higher than the hydration energy of PH4 + cation (Cotton and Wilkinson 1966) .
MATERIALS AND METHODS

Samples
A Wyoming montmorillonite, reference clay SWy-1, was obtained from the CMS Source Materials Repository at the University of Missouri, Columbia, Missouri. The cation exchange capacity (CEC) of this clay is 76.4 meq/100 g. Surface area, chemical composition and other physicochemical characteristics are reported elsewhere (van Olphen and Fripiat 1979) . A <2 urn, Na+-saturated homoionic clay fraction was obtained by stirring ~ 10 g of the reference clay with ~ 1 L of 1 M NaCI solution overnight, followed by centrifugation at 500 to 600 x g, then replacing the supernatant NaCI with a fresh solution. This sequence was repeated three times after which the clay was washed with distilled water and centrifuged until the supernatant was C1-free as indicated by AgNO3. The Na+-saturated clay was then wet sedimented to obtain <2 ~zm fraction. The < 2 um fraction was stored as ~ 1 wt. % suspension for further use.
Organo-clay syntheses
In this study two different organo-clays were synthesized by exchanging Na + cations with tetramethylammonium (TMA) chloride (Kodak) or tetramethylphosphonium (TMP) bromide (Aldrich), designated as TMA-clay and TMP-clay, respectively. TMA-and TMP-clays were synthesized by adding ~300 ml of TMA+C1 -or TMP+Br -solutions to ~700 ml of ~ 1 wt. % Na+-saturated clay suspension which was being stirred at room temperature. The TMA+C1 -and TMP+Br -solutions were added in an amount corresponding to ~ 5 times the CEC of the clay over a period of 5-10 min. The reaction mixtures were left stirring overnight (12 to 16 h), then centrifuged several times with distilled water until the supernatant was C1-or Br-ion free as indicated by AgNO3. The resulting organo-clays were quick-frozen and freeze-dried.
Physical characterization
Basal spacings were determined for oriented clay films using X-ray powder diffraction (XRD). Oriented specimens were obtained by spreading a few drops of freshly sonicated organo-clay suspension (~ 1 to 2 wt. %) on glass microscopic plates and letting the plates dry at room temperature. XRD patterns were recorded using a CuK~ radiation on a Rigaku diffractometer equipped with a rotating anode.
Surface area measurements were carried out at liquid N2 temperatures (77 K) on a Coulter Omnisorb 360CX sorptometer. For surface area measurements, samples were degassed at 120~ for ~ 12 h at ~ 10-' Ton-. Surface areas were calculated using the BET equation. Organic carbon contents were determined using a Dohrmann DC-190 high temperature TOC analyzer (Rosemont Analytical Inc., CA).
Sorption of vapors
Benzene, toluene, ethylbenzene, p-xylene, styrene and carbon tetrachloride were obtained from Aldrich Chemical Company as either HPLC grade or 99+% pure, and used without further purification. Vapor sorption studies of water, benzene, toluene, and carbon tetrachloride by the degassed organo-clays were obtained at ambient temperature using a McBain balance sorptometer. Degassed samples (described below) are hereafter referred to as dry samples in the manuscript. McBain balance sorptometer was comprised of four quartz weighing pans suspended by quartz springs in a glass manifold equipped with a pressure gauge and outlets for a vacuum pump, and to introduce vapors into the manifold. Spring constants of the quartz springs were determined employing standard weights. A spring displacement of 1 mm corresponded to a 5 mg weight change. A travelling microscope was employed to register the displacement of the spring. Adsorption studies of the TMA-and TMP-clays were carried out simultaneously for a specific adsorbate. TMA-and TMPclays (~ 200 to 300 mg) were loaded into the weighing pans. Heating jackets were used to heat the manifold at 125"-150"C overnight at pressures of-< 0.1 Torr. The temperature gradient between the heating jacket and the sample was estimated to be ~ 25"C. After heating, the manifold was cooled to room temperature and samples were then exposed incremently to vapors at different pressures. Equilibrium pressures were attained within 2 to 4 h, except in the case of water. For water, the equilibrium pressures were attained after 6 h. Adsorption isotherms were constructed by plotting the amounts sorbed (Q, mmole/g) vs. the relative vapor pressure (P/Po). The amount adsorbed by the organoclays was estimated from the difference between the weight of the dry sample and the weight of the sample at a particular P/Po. The average of duplicate samples was plotted for each point in the isotherms presented. The difference between duplicates was generally -< 3%.
Adsorption of solutes from water
Adsorption isotherms were carried out using the batch equilibration technique. For each isotherm, ~50 to 150 mg of the organo-clay were weighed into 25 ml Corex centrifuge tubes, and 25 ml of deionized water added. To these suspensions, different amounts of each compound were added using Hamilton microliter sy-tinges to give relative equilibrium concentrations (concentration in water/water solubility, Ce/Cs) between <0.05 to ~ 1. Benzene and CCI4 were delivered as neat liquids, and the other adsorbates were delivered as methanol solutions. Immediately after injection of the compound, the Corex tubes were topped with teflon disks, closed with screw tops and shaken for >-24 h at room temperature on a reciprocating shaker. Kinetic investigations have earlier indicated that the sorption equilibriums were attained in less than 20 h . Subsequently, the aqueous phase was separated by centrifugation for 10 to 15 min at 1075 x g at ambient temperature. A 10 ml portion of the supernatant was extracted with 10 ml of 99+% grade carbon disulfide (Aldrich) solvent. A portion of the carbon disulfide extract was then analyzed using gas chromatography (GC).
Adsorption isotherms were constructed by plotting the amounts sorbed (Q, mmole/g) vs. the concentration remaining in the solution (equilibrium concentration, Ce, mmole/L). The amount sorbed by the organo-clay was determined from the difference between the amount of adsorbate added and the Ce. Experiments were carried out in duplicate and the average of duplicate samples was plotted in the presented isotherms. The difference in Ce between the duplicates samples was generally < 3%. Recoveries in blank (organo-clay free) samples prepared as described above were 90 to 95%. The data were not adjusted for these recoveries.
Gas chromatography was carried out using a 5890A Hewlett Packard (HP) gas chromatograph and a flame ionization detector (FID). A 25% sorbital coated on 80-100 mesh Chromosorb Qll packed column attached to a 10% SP-2100/bentonite34 coated on 80-100 mesh Supelcoport packed column was used for separations. High purity N 2 gas was used as a carrier gas (30-40 ml/min). An HP3392A integrator was employed for peak area calculations and an HP7673A automatic sample changer was used to automate runs.
Data analysis
Adsorption data were fitted to the Langumir equation. Monolayer volumes, Vm (number of mmoles of adsorbed compound per g of organo-clay at monolayer coverage), were derived by curve fitting the experimental data to the Langumir equation employing the SigmaPlot program (Jandel Scientific, USA). Adsorptions consistent with the Langumir model yield R 2 (measure of linearity) values of >0.97. R 2 values were obtained employing the linear form of the Langumir equation.
RESULTS AND DISCUSSION
The organic carbon contents, surface areas, and basal spacings of the air-dried parent reference clay SWy-1, and the freeze-dried TMA-and TMP-clays are shown in Table 1 . The organic carbon contents correspond to ca. 80.3 and 79.9 milliequivalents (meq) of TMA and TMP cations per 100 g of organo-clay, values similar to the CEC of the reference clay. The measured organic contents of the organo-clays suggest that TMA and TMP cations are exchanged to similar extents, and have replaced nearly all the Na + cations of the reference clay. Increases in the surface area from 32 to ~200 m2/g, and the interlayer spacings from 9.4 to ~ 14 ]~ confirm exchange of the interlayer Na § cations by TMA and TMP cations. Also, the observation of type I N2 adsorption isotherms, characteristic of micropores (pores < 10 A,), further substantiate intercalation of TMA and TMP cations (data not shown).
Differences in the surface areas and XRD interlayer spacings between the organo-clays is due to the different sizes of TMA and TMP cations. The slight difference in the interlayer spacings of the TMA-and TMPclays is in accordance with differences in the ionic radii of the N(III) and P(III) ions. N(III) and P(III) cations exhibit ionic radii of 0.16 and 0.44 ,~, respectively (Shannon and Prewitt 1970) . TMA-clay exhibits an interlayer spacing of 13.945 A and TMP-clay exhibits an interlayer spacing of 14.367 (Table 1) , a difference of 0.422 ~. This is in good agreement with the expected difference of 0.56 ~ based on the ionic radii of N(III) and P(III) cations. The TMP cations, being larger than TMA cations, also occupy a greater volume leading to lower N: BET surface areas.
In the present study we have evaluated these two organo-clays to gain insight into the effect of water on the adsorption efficiency. Additionally, there has been no previous characterization of organophosphonium clays as sorbents for NOCs. Because TMA-and TMPclays have similar interlayer spacings and N2 BET surface areas, but are expected a priori to have different hydration properties, a comparative study of NOC sorption in the presence and absence of bulk water may help reveal the effect of organic cation hydration on NOC adsorption efficiency.
Vapor sorption
Langumir adsorption isotherms (R 2 > 0.97) were observed for benzene, toluene and CCL vapor sorption on dry TMA-and TMP-clays (Figure 1 ). Langumir or type I adsorption isotherms indicate that sorption occured predominantly in the interlayer micropores of both the organo-clays, apparently on the mineral surfaces between onium ions. The TMA-clay sorption isotherms of benzene and toluene were similar to those observed by Lee et al (1989 Lee et al ( , 1990 . Monolayer volurnes, V~ are presented in Table 2 . It is evident from Table 2 that for all the adsorbates studied, TMA-clay is better adsorbent than the TMP-clay, and the adsorption amounts decrease slightly with an increase in the size of the adsorbate molecule from benzene to toluene to CC14. Higher vapor adsorption by the TMA-clay, the higher surface area solid, suggested that vapor adsorption was related to surface area. Additional evidence for the effect of surface area on adsorption efficiency comes from isotherms of the TMP-clay normalized to the TMA-clay surface area. Note that TMA-clay exhibits approximately 1.113 times (207 m~/g vs. 186 roB/g, Table 1 ) higher surface area than the TMP-clay. TMAclay isotherms, and the normalized TMP-clay isotherms, were superimposable indicating that the adsorption efficiency of the organo-clays is directly proportional to surface area. BaiTer and Perry (1961) have proposed, based on calculations of molecular dimensions, that adsorbates (e.g., benzene) adopt a tilted orientation, interacting with the TMA cations within the interlayers of a TMA-smectite clay. In contrast, Jaynes and Boyd (1991) provided evidence for adsorption of such molecules on the aluminosilicate sheets of TMPAsmectite clays. That the TMA-and TMP-clays give nearly identical isotherms for a specific adsorbate when normalized on the basis of surface area suggests that organic cations (TMA and TMP) present in the interlayers are not the predominant adsorptive sites.
It is interesting to note the presence of Langumir isotherms for CC14 (Figure lc) , in both the organo- clays. Carbon tetrachloride is a tetrahedral molecule with a molecular size or critical dimension of 6.65/i, (Breck 1974) . In comparison, TMA-and TMP-clays have interlayer spacings of 4.5 to 4.6/~ indicating that CC14 molecules expanded the interlayer spacings, confirming interlayer adsorption. Barrer and Perry (1961 ) observed similar interlayer expansions when the TMAsmectite clay was exposed to larger hydrocarbon molecules.
Adsorption of solutes from water
Adsorption of organic solutes from water by organoclays exhibited characteristics distinct from their adsorption as vapors by dry clays. As observed for vapor phase sorptions, TMA-and TMP-clays exhibited similar benzene and CCL adsorption isotherms (Figure 2) . However, for toluene, ethylbenzene, styrene and p-xylene adsorption by TMP-clay was substantially greater than that by TMA-clay (Figure 2 ). TMP-clay has a lower N2 BET surface area than the TMA-clay, hence adsorption efficiency was not singularly dependent on the surface area, in direct contrast to the vapor phase adsorption. Also, irrespective of the size and shape of the adsorbate, TMP-clay exhibits predominantly Langumir isotherms indicating that the adsorption occurs in the interlayer pores. Condensation of CCI, due to multilayer adsorption (in both the organo-clays) at equilibrium concentrations >_ 3 mmole/L (Figure 20 is indicated by the upsweep in the isotherm beyond this point. Unlike the TMP-clay, and the TMA-clay exposed to organic vapors, adsorbate size and shape had a pronounced effect on the adsorption of solutes from water by TMA-clay. Planar molecules, such as benzene and styrene (Figures 2a and 2d ) and the non-planar tetrahedral molecule CC14 (Figure 2f ), were adsorbed in the interlayer pores, manifesting Langumir isotherms. In contrast, larger non-planar molecules, such as toluene, ethylbenzene and p-xylene, exhibited non-Langumir isotherms similar to those observed by Lee et al (1989 Lee et al ( , 1990 suggesting that the interlayer pores were not large enough to fully accommodate the adsorbates. These results indicate that the interlayer pore structure of the TMA-clay was modified by water to a greater extent than that of TMP-clay.
Water adsorption isotherms of TMA-and TMP-clays are shown in Figure 3 . Also shown is the TMP-clay water isotherm normalized to the TMA-clay surface area. Isotherms are type II in nature similar to those reported by Gast and Mortland (1971) for a TMA-clay derived from Upton Wyoming bentonite. Water sorption at low P/Po's was greater for TMA-clay than for TMP-clay, and water uptake in this region probably results from hydration of the TMA and TMP pillars. The higher uptake of water by TMA-clay is in accordance with the higher hydration energy of the NH4 + cation than the PH4 + cation (Cotton and Wilkinson 1966) . The water sorption isotherm of the TMP-clay normalized to the surface area of TMA-clay also ex- Water adsorption isotherms of TMA-clay (O), TMP-clay (0), and TMP-clay normalized to TMA-clay surface area (x7).
hibits lower adsorption of water at low P/Po demonstrating that the higher surface area of TMA-clay does not account for its greater sorption of water. This is in contrast to the sorption of organic vapors by these clays where surface area normalized isotherms were superimposable.
The higher sorption of substituted benzenes from water by TMP as compared to TMA appears to be related to the degree of cation hydration, and not directly related to total surface areas of the organo-clays, or the interlayer spacings which are very similar in the two organo-clays. Solvation of interlayer cations would decrease or shrink the effective "pore" size of the organo-clays, i.e., the sorptive sites between onium pillars would be smaller in the presence of water than those that exist in the dry clays. As a result, sorption of organic molecules as solutes from water is generally less than the corresponding sorption of vapors.
Although sorption efficiency of both organo-clays was reduced in the presence of bulk water, the extent of reduction was much less for the TMP-clay. In case of TMP-clay, the Langumir isotherms observed for all adsorbates suggests that the pores are large enough, even in the presence of water, to accommodate both compact planar molecules like benzene and bulkier substituted benzenes. In contrast, the absence of Langumir type of isotherms for the sorption of toluene, ethylbenzene and xylene from water by TMA-clay indicates that the hydration sphere around the TMA cations is large enough to shrink the size of pores to dimensions that exclude these solutes, but remain large enough to accommodate benzene, styrene and CCL.
SUMMARY
The comparative study of the adsorption of organic contaminants by TMA-and TMP-clays suggests the following conclusions: 1. Adsorption of organic vapors by dry organo-clays is directly proportional to the N2 BET surface area of the organo-clay; 2. Organic vapor adsorption occurs predominantly in the interlayer pores, irrespective of the size and shape of the adsorbate; 3. Adsorption properties of the organo-clays are modified in presence of bulk water due to the modification of interlayer pore structure. Pore modification results from solvation of interlayer TMA and TMP cations by water causing the effective "pore" sizes to become smaller than in the corresponding dry organo-clays; 4. The nature of the interlayer cation, specifically its hydration energy, plays an important role in the adsorptive behavior of organo-clays in presence of bulk water. The lower degree of solvation of TMP cations than TMAcations manifest larger effective "pore" sizes in TMPclay, and hence it is a more effective adsorbent for removing NOCs including bulkier non-planar adsorbates like toluene, ethylbenzene and p-xylene, from water.
